Figure 1. CNN Is Associated with the Centrosome Throughout the Syncytial Nuclear Divisions
Embryos were either double-labeled with propidium iodide for DNA (in green) and anti-CNN (in red) (A, B, C), or with anti-␣-tubulin (in green) and anti-CNN (in red) (D, E, F). (G), (H), and (I) are images of CNN staining. The CNN staining patterns show dynamic changes over the nuclear cycles: interphase (A, D, G); metaphase (B, E, H); anaphase to telophase (C, F, I). Arrowheads point to the branching appearance of CNN staining during interphase and telophase. Colchicine-treated embryos were double-stained for CNN (J) and ␣-tubulin (K). Microtubules were disassembled, but CNN stayed in the centrosome. Bars, 10 m.
centrosome identified CNN as an integral component and peripheral nervous system (PNS) cells, where additional cell divisions occur (Heuer et al., 1995) . Accumulaof the "core centrosome," a designation by for the structure that remains after microtubule tion in other cells diminishes. The absence of CNN from the centrosome during G2 depolymerization.
can be clearly demonstrated when cell division is arrested in string (stg) mutants. stg is the Drosophila hoPostblastoderm-Stage CNN Localization Is Cell-Cycle-Dependent molog of the yeast Schizosaccharomyces pombe CDC25 gene, and accumulation of STG to a threshold Postblastoderm cell cycles (14-16) acquire a G2 phase (Edgar and O'Farrell, 1990) . During these divisions, CNN quantity is required for exiting the G2 phase of nuclear cycle 14 O'Farrell, 1989, 1990) . In embryos was localized to the centrosome only in mitotic cells and was redistributed into the cytoplasm in G2 phase homozygous for a strong mutant allele, stg
7B69
, all cells were arrested in G2 phase of cycle 14 (Figures 2C and cells (Figures 2A and 2B ). After cell cycle 16, CNN is expressed mainly in the central nervous system (CNS) 2G). CNN could be detected only in the cytoplasm in
CNN Localization During Spermatogenesis and Oogenesis Is Also Cell-Cycle-Dependent
During spermatogenesis, CNN accumulated at higher levels at the apical tip of the testis, where stem cell mitosis occurred. It was also seen in the meiotic region of the testis ( Figures 3A-3F ). During spermatocyte development, cnn accumulation decreased and was essentially undetectable in secondary spermatocytes (data not shown). The centrosomal localization of the protein during stem cell mitosis was clearly cell-cycledependent: it was concentrated in the centrosomes in M phase cells and redistributed into the cytoplasm in interphase cells ( Figures 3A-3C ). Similarly, an elevated level of expression and cell-cycle-dependent centrosomal localization was observed in meiotic cells ( Figures  3D-3F ; unpublished data). CNN could not be detected in mature sperm. During oogenesis, CNN could be detected in both somatic tissues and germ cells. Before stage 7, during the follicle cell divisions, CNN was strongly expressed in follicle cells ( Figure 3G ) and accumulated in the centrosomes during M phase (data not shown). Accumulation in follicle cells diminished after stage 7 ( Figure  3G ). In the germline, CNN was first expressed rather uniformly in all 16 cells of a cyst. Subsequently, the protein levels in nurse cells decreased relative to levels in the oocyte, which increased. Localization of the protein within the oocyte was dynamic. In early-stage egg chambers, the protein appeared evenly distributed in the ooplasm ( Figure 3H ). After stage 6, however, there was a higher level of accumulation at the posterior end of the oocyte ( Figure 3I ). Between stages 7 and 8, the high levels of protein accumulation shifted from the posterior end to the anterior and lateral margins of the oocyte ( Figures 3J and 3K ). This shift mirrors the shift in microtubule foci and corresponds in timing to the regional localization of many maternal RNA species (Theurkauf et al., 1992) . We should point out, however, that the intensity of antibody staining in maturing oocytes was much lower than that of mitotic follicle cells ( Figure 3G ). This may reflect dilution of CNN as the oocyte increased in size or poor antibody penetration into late-stage oocytes. CNN was not detected at female 
CNN Exists as a Monomer in the Cytoplasm
can be recognized by their brightly stained mitotic spindles; some and Is Phosphorylated are marked with arrows). ␥-tubulin, on the other hand, was present Raff et al. (1993) identifies a protein complex in Drosophin the centrosomes of cells at all phases (F; some ␥-tubulin-stained ila that contains ␥-tubulin, CP60, and CP190. These findcentrosomes are out of this focal plane). stg Ϫ embryos can be recognized by their large cells (C, D, G, H) . In these embryos, CNN was ings suggest that functional centrosomes might be asredistributed into the cytoplasm (D), but ␥-tubulin remained in the sembled from multiprotein complexes preassembled in centrosomes (H). In (D) and (H), five images collected at 2 m interthe cytoplasm. We investigated the possible association vals were superimposed to include all possibly stained of CNN with other proteins, using sucrose gradient sedicentrosomes. Bar, 50 m.
mentation.
The soluble fraction of concentrated Drosophila embryonic extract (precleared at 100,000 ϫ g) was fractionstg Ϫ embryos ( Figures 2C and 2D ). In contrast, ␥-tubulin was associated with centrosomes throughout the cell ated on a 5-25% linear sucrose gradient, and 14 fractions were collected for Western blot analysis. In the cycle in wild-type embryos. In agreement with this cellcycle independence of ␥-tubulin localization, ␥-tubulin absence of 0.3 M KCl ( Figure 4A ), CP190, ␥-tubulin, and CP60 cosedimented as a large protein complex that was was still associated with centrosomes in stg -embryos ( Figures 2G and 2H) .
out of the range of the gradient used in this experiment. In the presence of 0.3 M KCl, the complex partially broke at least two loci other than cnn (Heuer et al., 1995) . In order to define more precisely the function of cnn in down ( Figure 4B ), and ␥-tubulin and CP60 migrated as a smaller complex around 8S, while CP190 sedimented midgut morphogenesis and mitosis, we carried out an ethyl methanesulfonate mutagenesis screen to isolate as monomers around 6.5S. These results are consistent with those in Raff et al. (1993) . In contrast, CNN seemed lethal mutations within this deficiency. We recovered 21 lethals, which fell into three complementation groups, to sediment as a monomer both in the presence and the absence of 0.3 M KCl. from 7,000 mutagenized chromosomes. One group (13 alleles) had three characteristics that suggest it correThe centrosomal staining pattern of CNN raises the possibility that CNN may interact with microtubules. To sponds to cnn. First, late-stage embryos mutant for two of the six tested alleles in this group had very low levels test this, endogenous tubulin from 0-3 hr embryonic extracts was polymerized and stabilized by the addition of CNN staining, indicating a lack of zygotic expression (data not shown). Western-blot analysis of ovaries from of GTP and 10 mM taxol, and microtubule polymers were spun through a 55% glycerol cushion. As shown germline clones confirmed that these two alleles were severe hypomorphs or protein nulls for cnn (see Figure in Figure 4C , CNN was recovered in the supernatant, while CP60 was mainly found in the pellet. Thus, it ap-7A). Second, mutants for all alleles in this group showed gut defects ( Figure 5B ). The affected structures, the pears that cytoplasmic CNN does not bind to microtubules either directly, or indirectly through an interaction second midgut constriction and the gastric caeca, coincided with the regions of high levels of cnn expression with other microtubule-binding proteins. However, we cannot rule out the possibility that modifications of CNN in the visceral mesoderm (VM) ( Figure 5B ). Third, mutations in this complementation group caused reduction in the centrosome may allow interactions to occur. In 0-3 hr embryonic extracts used in these experiments, of cell number in the embryonic nervous system ( Figures  5D and 5F ), where cnn continued to be expressed and CNN existed in a phosphorylated state ( Figure 4D ).
homeotically regulated after cell cycle 16 (Heuer et al., 1995) .
Generation of cnn Mutations
We previously reported mitotic and midgut defects asLethal-phase analysis showed that homozygous cnn animals died late in embryogenesis or shortly after sociated with Df(2R)cnn, a deficiency we knew included Sucrose gradient (5-25%) sedimentation was performed in the absence (A) or presence (B) of 0.3 M KCl. 14 fractions were collected from the top of each gradient and analyzed by SDS-PAGE and Western blotting. CP190, ␥-tubulin and CP60 formed a high molecular mass complex (A) in the absence of KCl. CP190 could be disassociated from the complex with 0.3 M KCl, while ␥-tubulin and CP60 still existed in a complex of around 8S (B). Conditions were optimized to maximize resolution in the high molecular mass range; CP60 and ␥-tubulin comigrated under these conditions. Sedimentation markers used and the center of their sedimentation positions were: ovalbumin (3.5S), fraction 4; bovine serum albumin (4.3S), fraction 6; alcohol dehydrogenase (7.6S), fraction 9; catalase (11.3S), fraction 12.
(C) Microtubule spin-down experiment was performed to test interaction of CNN with microtubules. Under these experimental conditions, CNN remained in the supernatant, while most of the CP60 pelleted with microtubules. In the absence of taxol, both proteins remained exclusively in the supernatant. hatching. Hatched larvae were sluggish, and many of morphogenetic events in the midgut. Antibody staining showed that CNN accumulated in a very confined region them died near their eggshells. Examination of cuticles of these animals revealed small patches of extra dentiin the VM with a granular and condensed appearance ( Figure 5A ). The anterior domain of CNN accumulation cles along the ventral midline, but no other striking anomalies (data not shown).
corresponded to the position where the gastric caeca would form, and the posterior domain of cnn expression To analyze the protein products of the mutant alleles, we dissected ovarioles from females bearing germline corresponded with cells that would undergo cell-shape changes during formation of the second constriction. clones and protein extracts analyzed by Western blot analysis. As shown in Figure 7A , full-size CNN was Both of these structures were affected by cnn mutations ( Figure 5B ). formed in cnn 1 and cnn 16-1 clones in near wild-type amounts, while very low levels of CNN were detected cnn mutant embryos also exhibited a general reduction of cell number in the CNS and PNS. In the CNS, the in cnn 4 and cnn 12-1 germline clones. These results suggest that cnn 1 and cnn 16-1 are point mutations that do neuropile appeared very disorganized. There were gaps in the longitudinal nerves ( Figure 5F , arrows), and the not affect the apparent size or quantity of the protein, and cnn 4 and cnn 12-1 are severe hypomorphs or possibly commissural nerves that are regularly spaced and positioned in wild-type embryos appeared tangled and misprotein nulls. The low level of CNN detected in cnn 4 and cnn 12-1 likely derived from somatic tissues associated guided in mutant embryos ( Figure 5F ). Additionally, many segments did not have extended segmental and with the dissected ovaries or residual protein from the germline cell that gave rise to the cnn Ϫ clone. intersegmental nerves. In the PNS, the number of sensory neurons was greatly reduced in mutant embryos ( Figure 5D ). In embryos in which most of the sensory Mutations in cnn Disrupt Midgut Morphogenesis and Nervous System Development neuronal cells did form, many of them appeared mispositioned and failed to extend their axons ( Figure 5F , The Drosophila embryonic midgut is divided into compartments through the formation of three constrictions. arrowheads). The gastric caeca, four tube-like outgrowths, develop anterior to the midgut. Formation of the constrictions and gastric caeca is dependent on the homeotic pro-
Loss of cnn Expression in Somatic Clones
Causes Structural Deficiencies and teins expressed in VM cells (reviewed by Bienz, 1994) . cnn is expressed in two stripes in the VM under the Abnormal Pattern Formation To assess the requirement for cnn in mitosis, we percontrol of homeotic genes ( Figure 5A ; Heuer et al., 1995). The onset of cnn expression in the VM preceded the formed somatic and germline clonal analyses. Four cnn ) were used to enthese were always associated with loss of eye and surrounding head tissues, suggesting that the events leadsure that the defects observed were specific to disruption of the cnn gene. All four alleles gave very similar ing to these clones may have included cell death. Because the y ϩt2873 allele is fully expressive in a single phenotypes. Results presented below apply to all four alleles unless otherwise specified.
dose, only the y -cnn Ϫ clone of each presumptive twin spot was scorable based on its cuticular phenotype. We used the FLP/FLP-recombinase-target (FLP/FRT) technique to generate somatic clones (Xu and Rubin, Among the 1,000 potentially mosaic flies examined, less than 5% had y -clones. The largest clone observed in-1993). The markers used were mini-white(w ϩm ) on the P{FRT43-2M} chromosome (Xu and Rubin, 1993) (Bryant, 1971; Bryant and Zornetzer, 1973; Russell, 1974) or abnormalities in the transduction smaller sizes (usually at least 10 times smaller) than the cnn ϩ clones. In 55% (121 of 221) of the mosaic eyes of positional information (Basler and Struhl, 1994) . The observed defects presumably reflect the formation and examined, only clones of w ϩm /w ϩm cells were found. 42% (93 of 221) of the mosaic eyes had large w ϩm /w ϩm clones death (or arrest) of cnn Ϫ clones. The failure of the cnn Ϫ clones to grow to normal size and w -twin clones smaller than 10 ommatidia (e.g., Figure 6D) . Only 7 large (30-50 ommatidia) w -clones were strongly suggests that CNN is essential for cell viability or proliferation or both. However, the fact that clones observed among the flies that possessed clones, and wing (A, arrows) , or in the leg (B, arrow). Duplication of appendage axes were also frequently seen. (C) shows a fly with two duplication events: duplication of one antenna at the second antennal segment followed by an aristal duplication on one of the duplicated antennae. (D) P{w ϩm } was used for the detection of twin spot formation. The cnn Ϫ clone is marked with w Ϫ and circled in white; the twin spot clone, which was marked with two copies of P{w ϩm }, is circled in red. Bar, 100 m.
of around 10 ommatidia (190 cells, 7-8 divisions) were those that lacked CNN staining in the centrosomes (this embryo was from cnn 4 , a putative null allele; thus, the recovered suggests that cnn protein (or RNA) is stable intensity of staining reflected CNN levels). Figure 7F and can persist through several cell divisions (Xu and shows an embryo at the prophase-metaphase transiHarrison, 1994).
tion. Chromosomes of several nuclei were not properly condensed and were seemingly tangled with chromoNuclear Division and Microtubule Organization somes from neighboring nuclei ( Figure 7F , arrowheads).
Defects in cnn Germline Clones
Nuclei with one (open arrows) or three centrosomes To learn more about the role of cnn in mitosis, we exam-(small open arrowheads) were observed. During metained the effect of lack of both maternal and zygotic CNN phase, mitotic spindles were not properly organized at on the syncytial nuclear divisions. The FRT-ovo D system the cortex in mutant embryos. Overlapping spindles developed by Chou and Perrimon (1992) was used to ( Figure 7D , arrows) and spindles oriented perpendicular generate cnn germline clones.
to the cortex ( Figure 7D , arrowheads) were in clear conHeat-shock treatments were delivered 1 day before trast to the neatly organized spindles in wild-type empupation to induce clone formation (Chou and Perrimon, bryos (see Figure 1E ). Metaphase chromosomes were 1992). Heat-treated FRT-cnn/FRT-ovo D female flies not tightly aligned at the spindle equator ( Figure 7D , mated to Df(2R)cnn/Cyo males laid morphologically noropen arrowheads). Failure of chromosomes to align mal eggs for 5-6 days; then most females stopped layproperly could conceivably lead to unequal chromoing. Examination of ovaries from these older females some segregation. Indeed, during anaphase, instead of revealed discontinuity in the production of late-stage forming a "meteorite" shape when being pulled to oppoegg chambers and nurse-cell degeneration (data not site poles (see Figure 1C ), many chromosomes in cnn shown). The failure of continued egg production indigermline clones lagged behind and clustered at the spincates that CNN is required for germline proliferation and dle equator ( Figure 7G ). Chromosomal bridges and coloocyte development. The mature cnn Ϫ eggs that were lapsed and fused nuclei were seen ( Figure 7G , arrows). recovered presumably made use of persistent CNN from These defects were better revealed at telophase (Figure the stem cell in which the clone was induced to complete 7H, arrowheads). Third, approximately 30% (512 of 1762) oocyte development. of the laid eggs were able to hatch and develop into Among embryos produced from cnn Ϫ oocytes, three viable adults. All the surviving adults carried the balclasses can be defined, according to the severity of ancer chromosome and were thus cnn ϩ /cnn Ϫ . Since half nuclear defects. First, approximately 25% (297 of 1233) of the cnn Ϫ eggs were fertilized by cnn ϩ sperm, a 30% of the embryos showed early arrest of nuclear division, survival rate suggests that about half of the eggs lacking prior to cycle 4. Very few brightly stained nuclei, either maternal CNN can be paternally rescued. polyploid or fragmented, were randomly distributed through the egg ( Figure 7B ). No CNN was detected in the Discussion centrosomes. Second, roughly half the embryos went through the early nuclear divisions before undergoing Understanding the mechanism of homeotic gene funcnecrosis. An embryo in the process of necrosis is shown tion requires an understanding of the identities of downin Figure 7C . Many nuclei were polyploid, and large stream genes as well as the specificities of homeotic regions of the cortex were devoid of nuclei. Figures target-gene interactions. We reported the cloning and 7E-7H show embryos with more subtle defects at variinitial characterization of a homeotic target gene, cnn ous stages of cycle 10. At interphase, many nuclei were (Heuer et al., 1995) . In the present report, we show that overcondensed and undergoing degeneration ( Figure  CNN is an essential component of the centrosome required for cell viability or proliferation or both. Thus, it 7E, arrowheads). The defective nuclei correlated with (B-H) Embryos devoid of both maternal and zygotic CNN displayed nuclear division defects. All embryos were from cnn 1 germline clones except in (E), which was from cnn 4 , a putative protein null allele (note the lack of CNN staining in many nuclei). All embryos were double-labeled with propidium iodide and anti-CNN except in (D). The embryo in (D) was double-labeled with propidium iodide and anti-␣-tubulin. (B) In this embryo, nuclear divisions were arrested prior to cycle 4, and nuclei became polyploid. (C) Severe nuclear defects in a necrotic embryo. (D) Mitotic spindles were not properly arranged at the cortex in mutant embryos (compare with those in Figure 1E ). Overlapping spindles (arrows) and spindles oriented perpendicular to the cortex (arrowheads) were seen. In addition, the spindles appeared to be thinner than in wild type, and some chromosomes were not tightly aligned at the spindle equator (open arrowheads). would appear that homeotic genes directly use essential Kellogg et al., 1995; Oegema et al., 1995) . Second, CNN exists in soluble embryonic extracts as a monomer, cellular machinery to carry out their segment-specific morphogenetic functions. while CP60 and CP190 are both strongly complexed with ␥-tubulin under similar conditions . This is particularly interesting in light of the fact that CNN Is an Integral Component of the Centrosome CNN is localized to the centrosome in the absence of ␥-tubulin remains in the centrosome and never migrates to the nucleus in G2 phase cells ( Figures 2F and 2H ). microtubules and is therefore an integral component of the centrosome . It is distinct from These results suggest that the ␥-tubulin complex must partially break down during interphases, and new propreviously identified Drosophila centrosomal proteins in at least three aspects. First, its disassociation from the tein-protein interactions may be allowed to carry out interphase-specific functions. Monomeric existence of centrosome occurs only when there is a prolonged interphase (during postblastoderm-but not preblasto-CNN suggests that CNN itself may have an intrinsic affinity for the centrosome, while for CP60 and CP190, derm-stage divisions). When CNN does dissociate from the centrosome, it is found entirely in the cytoplasm.
reassembly of the cytoplasmic complex may play a significant role in their recruitment into the centrosome This is in contrast with CP190 and CP60, which show redistribution into the nucleus in the transient in- (Kellogg, 1994 Figure 4C ; unpublished data). In contrast, CP60 and CP190 are both microtuif CNN is involved in earlier steps of centrosome assembly, its deficiency could conceivably affect multiple asbule-binding proteins, and CP190 has been shown to bind along the length of microtubules (Kellogg et al., pects of centrosome function by affecting recruitment of these components. 1995; Oegema et al., 1995) . Interestingly, neither protein decorates mitotic spindles in vivo , therefore making the significance of their in vitro micro-CNN Participates in Multiple Processes tubule-binding behaviors unclear.
Involving Microtubules Throughout The cell-cycle-dependent accumulation of CNN in the Drosophila Development centrosome is not mediated by protein degradation, as CNN participates in multiple microtubule-dependent dehas been proposed for CP60 (Kellogg et al., 1995) . As velopmental processes, some of which may not require noted above, CNN can be clearly detected in the cytocentrosomal function. Embryos lacking zygotic cnn explasm of interphase cells during embryonic cycles 14-16 pression die before or shortly after hatching with gross and in the apical tip region of the testis. Phosphorylation defects in midgut morphogenesis and nervous system by the cell-cycle machinery may be involved in its redisdevelopment. These embryonic defects distinguish cnn tribution and function. It should be noted, however, that from most other Drosophila mitotic mutants, which rein cells that are programmed to exit mitosis, (e.g., most sult in lethality at late third instar larval or pupal stages embryonic epidermal cells after cell cycle 16), cnnwithout noticeable embryonic abnormalities (Sunkel and derived protein and RNA are undetectable (Heuer et al., Glover, 1988; Gonzalez et al., 1990; . 1995).
Midgut morphogenesis is one of the most intensively studied morphogenetic processes (reviewed by Bienz, 1994) . It has been suggested that formation of the mid-CNN Is Required for Proper Centrosome Function Several observations support CNN being an essential gut constrictions requires microtubule function to impose or maintain cell-shape changes in VM cells (Reuter component of the centrosome and required for cell division. First, blocking of cell proliferation was observed and Scott, 1990) . We propose that CNN directly participates in the mechanics of these cell-shape changes. both in embryos lacking zygotic cnn expression and in cnn somatic clones. Second, in our germline clonal Input from other genes (e.g., posttranslational modifications by the Dpp and Wg signaling pathways) may be analysis, although cnn Ϫ embryos could be produced from females heterozygous for a cnn mutation, mosaic required, however, since overexpression of CNN alone does not interfere with gut development (unpublished females produced embryos for only a few days, indicating that the stem-line oogonia in which clones were data). The nervous system defects in cnn mutants may be the consequence of blocking cell divisions. Indeed, induced failed to proliferate in the absence of CNN. Third, syncytial embryos lacking both maternal and zygross reduction in cell number was observed in both the CNS and the PNS. However, a requirement of microgotic CNN showed profound defects in nuclear division and microtubule organization. tubules nucleated from the centrosome for axon extension has been shown in cultured neurons (Ahmad et al., The observed mitotic defects could be explained by one of several models regarding the function of CNN in 1994; Baas and Joshi, 1992) . In cnn mutant embryos, many neural cells in the CNS failed to extend axons the centrosome. First, CNN could be involved in nucleating or stabilizing spindle microtubules. It has been ( Figure 5D ). It is conceivable that the neural defects reflect a combination of both mitotic defects and failure shown that spindle microtubules and kinesin-like motor proteins distributed along the length of chromosome of axonal extension, both of which require functional centrosomes. arms function jointly to align chromosomes at the spindle equator (Afshar et al., 1995; Vernos et al., 1995) .
CNN can also be detected during oogenesis and spermatogenesis. Microtubule organization during oogenIn embryos from cnn germline clones, mitotic spindles appeared thinner and disorganized, and metaphase esis is highly dynamic and plays essential roles in oocyte determination and oocyte axes specification (Theurkauf chromosomes were not as tightly aligned as in wildtype embryos ( Figure 7D ). Alternatively, lack of CNN et al., 1992; Cooley and Theurkauf, 1994) . Genes that are involved in generating signals for the reorganization could disrupt the organization of cortical actin filaments, which are necessary for maintaining nuclear spacing in of microtubule networks are beginning to be identified (Lane and Kalderon, 1994; Gonzalez-Reyes et al., 1995) . syncytial-stage embryos. Disruption of actin filaments has been shown to result in uneven nuclear distribution, Little is known, however, about the molecular machinery that senses the developmental cues and organizes unifused nuclei, and loss of nuclei from the cortical monolayer (reviewed by Sullivan and Theurkauf, 1995) , similar polar microtubules accordingly. The localization pattern of CNN during oogenesis suggests that it may be one to what has been observed in cnn germline clones. Third, CNN could be required for centrosome duplication or of the proteins participating in this process. The localization of CNN to male meiotic spindle poles is also intriseparation. Nuclei associated with single centrosomes were observed in embryos derived from cnn germline guing. Many other centrosomal antigens are absent from meiotic centrosomes (e.g., CP190, reviewed by Fuller, clones ( Figure 7F ). These single centrosomes may initiate unipolar spindles that are oriented perpendicular to 1993). The significance of these differences between mitotic and meiotic centrosomes is not known. The Drothe cortex or extend microtubules to neighboring nuclei and cause tripolar divisions ( Figures 7D and 7H) .
sophila female meiotic spindles lack centrosomes, and
Immunological Procedures
CNN, like other centrosomal proteins tested, was not 0-3 hr embryos were fixed in formaldehyde according to Theurkauf detected in female meiotic spindle poles. Its localization (1994) . Ovaries were hand-dissected from 3-day-old females and to the male meiotic spindle pole may indicate that the fixed according to Verheyen and Cooley (1994) . For each antibody, male meiotic process is more closely related to mitosis ovaries from 16 females were dissected and fixed in two separate than that of the female.
batches. Fixed ovaries were disassociated into individual ovarioles by pipeting up and down with a micropipet tip. Testes were dissected in a saline solution (0.2% NaCl, 0.02% Triton X-100) and fixed in 4% paraformaldehyde in phosphate-buffered saline for 20
Homeotic Regulation of Morphogenesis min before proceeding to immunostaining. Colchicine treatment of
Currently identified homeotic target genes constitute an early-stage embryos was performed according to Raff et al. (1993) .
extremely heterogeneous group that includes transcripImmunostaining was performed according to Heuer et al. (1995) .
tion factors (e.g., distalless [Vachon et al., 1992] and Affinity-purified anti-CNN antibody (described in Heuer et al., 1995) was used at 1:1000 dilution. Fluorescence-labeled secondary antiempty spiracles [Jones and McGinnis, 1993] ), signaling bodies were obtained from Jackson Laboratory and used according molecules (dpp [Capovilla et al., 1994] , sca [Graba et to the specifications of the manufacturer. To label DNA for confocal al., 1992] , and DWnt-4 [Graba et al., 1995] ), adhesion microscopic analysis, antibody-labeled embryos were treated with molecules (connectin) (Gould and White, 1992), and 0.1 mg/ml RNAase at 37ЊC for 30 min, followed by 0.5 g/ml propidstructural molecules (␤3-tubulin) (Hinz et al., 1992) .
ium iodide for 20 min, before completion of the final washing steps Some general themes are emerging from these studies.
of the antibody protocol. Stained tissues were mounted in glycerol with 1% n-propylgallate for observation under a confocal microFirst, most target genes are regulated by multiple hoscope (BioRad MRC600).
meotics in a tissue-specific manner (see references above). Second, most of these genes also play essential roles in other developmental processes that are not ap- Golic and Lindquist (1989) .
Dwnt-4) may modify the products of other direct target
Stocks were obtained from the Bloomington Stock Center. cnn mutations were recombined onto the FRT chromosomes as genes (e.g., cnn) to define morphological changes more described (Chou et al., 1993; Chou and Perrimon, 1992; precisely. Harrison, 1994; Xu and Rubin, 1993) . Different alleles (4) of cnn were Development of the nervous system may also be un- der the influence of homeotic genes (Ghysen et al., 1985;  at first instar larval stage by heat-shocking at 37ЊC for 45-60 min. Jijakli and Ghysen, 1992) . Segmental differences in the Control genotypes were heat-treated identically, but they contained CNS and PNS, particularly between the thoracic and the a balancer chromosome in place of the FRTcnn ϩ chromosome and therefore could not produce clones in response to the induction of abdominal segments, clearly exist in adults in Drosophflipase. Germline clones were induced 1 day before pupation by ila (Goodman and Doe, 1993) . The differences are more heat treatment at 38ЊC for 2 hr. In germline clonal analysis, mosaic profound in other insects (e.g., the grasshopper, Schisfemales of the P{hsFLP}; P{>w hs >}G13, P{ovo D1-18 }2R1 P{ovo D1-18 }2R2/ tocerca; and the moth, Manduca). In Manduca, a homeoP{>w hs >}G13, cnn genotype were crossed to Df(2R)cnn/CyO males.
tic gene, Octopod, acts to suppress the formation of Eggs were collected 2 days after the mating was set up and fixed thorax-specific neuroblasts in the first abdominal segfor immunomicroscopic study as above. For examination of egg chambers, mosaic females were aged for 1-2 days before dissection ment (Booker and Truman, 1989) . In Drosophila emand fixation. To score for paternal rescue, overnight collections were bryos, there are no obvious differences in neuroblast aged for 48 hr before hatched larva were counted.
pattern between the thoracic and abdominal segments (Goodman and Doe, 1993) . Interestingly, however, there is clearly a higher level of cnn expression in the thoracic
Biochemical Analyses
Microtubule-binding experiments on concentrated Drosophila emthan the abdominal segments, and this differential exbryonic extracts were performed according to Kellogg et al. (1989). pression is affected by homeotic mutations (Heuer et 0-3 hr embryonic extracts were used. Sucrose gradient sedimentaal., 1995). This suggests the intriguing possibility that tion of concentrated Drosophila embryonic extract was performed cnn may be one of the genes through which homeotic according to Raff et al. (1993) . 100 l extract was loaded on a 2 ml genes control the number of neuromeres in different 5-25% sucrose gradient. After centrifugation at 100,000 ϫ g for 18 hr, 14 fractions were collected from the top, fractionated on 7.5% segments. Although the morphological differences be- insects, it may be the case that the genetic regulatory bovine serum albumin, 4.3S; alcohol dehydrogenase, 7.6S; and cataparadigm has been maintained during evolution.
lase, 11.3S) for estimation of protein or protein complex sizes. Fractions from these control gradients were analyzed by SDS-PAGE Experimental Procedures and Coomassie blue staining. For phosphatase treatment, 0-3 hr embryos were homogenized in radioimmunoprecipitation assay Ethyl Methanesulfonate Screen for Lethal Complementation buffer in the presence of protease inhibitors (1 mM phenylmethylsulGroups Within Df(2R)cnn fonyl fluoride, 1 g/ml phenanthroline, 10 g/ml aprotinin, 10 g/ Ethyl methanesulfonate mutagenesis was performed according to ml leupeptin, 10 g/ml pepstatin A, and 10 M benzamidine-HCl) Ashburner (1989) . Mutagenized al b c sp males were crossed to and the extract cleared at 100,000 ϫ g at 4ЊC for 30 min. CNN was T(2;3)ap xa /SM5;TM3 females. al b c sp */SM5 progeny were individuimmunoprecipitated using affinity-purified CNN antibody that had ally mated to Df(2R)cnn/CyO, and crosses producing no straightbeen coupled to Affi-Gel Hz hydrazide gel (BioRad) according to specifications of the manufacturer. The beads were washed twice winged flies were saved for further analysis.
